Anthrax is a zoonotic disease caused by the spore-forming bacterium Bacillus anthracis. This disease most commonly occurs in wild and domestic mammals but also occurs in humans exposed to infected animals. The recent recognition that anthrax spores constitute an effective bioterrorism tool (2, 12, 21) has launched a surge of research related to protection against the disease. A major factor in the virulence of B. anthracis is the secreted toxin complex, which is comprised of two toxins, the lethal toxin and the edema toxin (9, 27). These toxins have distinct biochemically active components (LF in the lethal toxin and EF in the edema toxin), yet they share a common component, protective antigen (PA) (for a recent review, see reference 23). PA binds to a cell surface receptor where it is proteolytically activated, creating a site for LF and EF binding. Once assembled, the toxin complex can be internalized and transported into the cell cytoplasm, where the toxigenic activity is expressed (13, 22, 25) .
Anthrax is a zoonotic disease caused by the spore-forming bacterium Bacillus anthracis. This disease most commonly occurs in wild and domestic mammals but also occurs in humans exposed to infected animals. The recent recognition that anthrax spores constitute an effective bioterrorism tool (2, 12, 21) has launched a surge of research related to protection against the disease. A major factor in the virulence of B. anthracis is the secreted toxin complex, which is comprised of two toxins, the lethal toxin and the edema toxin (9, 27) . These toxins have distinct biochemically active components (LF in the lethal toxin and EF in the edema toxin), yet they share a common component, protective antigen (PA) (for a recent review, see reference 23) . PA binds to a cell surface receptor where it is proteolytically activated, creating a site for LF and EF binding. Once assembled, the toxin complex can be internalized and transported into the cell cytoplasm, where the toxigenic activity is expressed (13, 22, 25) .
Consistent with the central role of PA in anthrax pathophysiology, cumulative information gained over decades of research indicates that PA constitutes a major component of protective immunity against anthrax. This led to research into the development of a series of PA-based acellular vaccines and live attenuated vaccines (4, 5, 7, 8, 10, 14, 17, 19, 20, 24, 28, 32, 34) . Several animal models, including guinea pigs (24, 31, 34) , rhesus monkeys (11, 19) , and rabbits (37) , were developed to study vaccine efficacies and to evaluate PA-based vaccine formulations or vaccination regimens. Guinea pigs, the most commonly used animal model, were recently used to demonstrate that anti-PA neutralizing antibody (Ab) titers can be used as a surrogate marker for protection (31) . These findings indicated that a basic level of neutralizing Ab (titer of Ն300), either passively transferred or generated by active primary immunization, is required to confer protection against a lethal challenge in guinea pigs.
One of the PA-based acellular vaccine formulations (BioThrax) has been licensed in the United States and used to vaccinate humans. The approved vaccination regimen calls for a series of three injections at short intervals followed by three injections at 6-month intervals. A recent clinical study (29) demonstrated that 18 to 24 months after receiving one, two, or three doses of a PA-based vaccine (BioThrax), the overall prevalence of anti-PA Abs detected by enzyme-linked immunosorbent assay (ELISA) was about 30%. A booster immunization with a single injection after 18 to 24 months induced high titers in 99% of the immunized humans. This indicates the establishment of solid immunological memory and suggests that a less demanding vaccination regimen may be effective. Additional preclinical and clinical studies are obviously required to assess the protective value of the booster responses. It should be noted, in this context, that the assessment of anthrax vaccines in animal models usually relies on primary immunization studies, and information on the development and protective role of long-term immunological memory is unavailable.
Immunological memory is one of the fundamental responses to vaccination and plays a major role in protection against a variety of infections. Memory is characterized by three main features: the presence of memory cells for a long period of time after the primary immunization, a rapid Ab response upon re-exposure to the antigen (within ϳ7 days compared to ϳ14 days for the primary response), and the generation of Abs with higher avidities upon consecutive vaccinations (reviewed in reference 38). Memory B cells are critical for protection since they proliferate rapidly and differentiate into Ab-producing plasma cells upon exposure to a pathogen (1). Thus, protective immunity can persist after immunization even when Abs are not detectable in the circulation (3, 36) .
Protection against the onset of a fatal disease depends on the competition between the kinetics of disease development and the kinetics of the development of the specific protective memory response. Immunization against certain viral diseases can be protective even if the primary vaccination or booster immunization is performed after viral exposure (3) . In such cases, the development of the protective Ab response is faster than the onset of the disease. In the case of anthrax, a disease that develops quite rapidly, no data are available on the ability of the immunological memory for PA itself to protect against lethal disease.
For the present study, we developed a guinea pig model which enables the characterization of immunological memory for PA in animals in which circulatory Abs are not detected. This allows for a dissection of the protective potential of the memory response in the context of primary immunization as well as booster immunization. The interrelationship between the kinetics of anthrax disease onset and those of memory response mobilization, induced either by exposure to spores or by revaccination, is also demonstrated.
MATERIALS AND METHODS
Production and purification of PA and vaccine formulation. B. anthracis strain V770-NPI-R (ATCC 14185) was grown anaerobically as described previously (7) . After 24 h of growth, the bacteria were removed by microfiltration (0.2-m-poresize filter), while the PA-containing supernatant was concentrated by ultrafiltration (30K molecular weight cutoff) and dialyzed against 20 mM phosphate buffer (pH 8.0). Purification of PA was carried out by Q-Sepharose chromatography essentially as described previously (31) , also yielding purified LF, which was used in neutralization assays.
The PA vaccine was prepared by adsorption of the purified PA, at a final concentration of 50 g/ml, to an aluminum hydroxide gel (0.32% [wt/vol]) as described previously (31) .
Animal studies. Female Hartley guinea pigs (weighing 220 to 250 g) were obtained from Charles River Laboratories (Margate, United Kingdom). All animals were cared for according to the 1997 NIH guidelines for the care and use of laboratory animals; all experimental protocols were approved by the IIBR Animal Use Committee.
Immunization and challenge of guinea pigs. Primary immunizations were performed on groups of 10 to 40 guinea pigs by single subcutaneous (s.c.) injections of 0.5 ml of the PA vaccine. Different PA vaccine doses were generated by dilutions of the original 50-g/ml PA vaccine. A memory response was induced by booster immunizations with single injections of the same vaccine dose used for primary immunizations. At the indicated times, guinea pigs were challenged intradermally with 40 50% lethal doses (LD 50 ) (2,000 spores) of B. anthracis strain Vollum spores (ATCC 14578), and their survival was monitored for 10 days.
ELISA for anti-PA Ab. Ab titers were determined by a direct ELISA in 96-well microtiter plates (Nunc, Roskilde, Denmark) using PA as the capture antigen and an alkaline phosphatase-conjugated rabbit anti-guinea pig immunoglobulin G (IgG) (Sigma, St. Louis, Mo.) as the detection reagent. Plates were coated with 5 g of purified PA (50 l/well)/ml in NaHCO 3 buffer (50 mM, pH 9.6) and subsequently blocked with TSTA buffer (50 mM Tris [pH 7.6], 142 mM sodium chloride, 0.05% sodium azide, 0.05% Tween 20, and 2% bovine serum albumin). The tested sera were serially diluted in twofold steps, and the plates were then incubated for 2 h at 37°C. The plates were washed with phosphate-buffered saline (PBS) containing 0.05% Tween 20 and developed with the detection Ab-conjugate, with p-nitrophenyl phosphate (Sigma) used as a substrate, and the absorbance at 405 nm was determined. The end point was defined as the highest dilution at which the absorbance was Ͼ2 standard deviations above that of the negative control (normal guinea pig serum). Ab titers were expressed as reciprocal end-point dilutions.
Neutralization test. Neutralizing Ab titers were determined essentially as described before (31, 33) by virtue of their ability to prevent the mortality of murine macrophage J774A.1 cells (American Type Culture Collection) induced by the PA/LF toxin complex. Aliquots of 0.2 ml of cell suspension (6 ϫ 10 5 to 8 ϫ 10 5 cells/ml) were plated into 96-well cell culture plates (Nunc). The tested sera were serially diluted in twofold steps in TSTA buffer containing PA (5 g/ml) and LF (2 g/ml). After a 1-h incubation, 10 l of each of the PA dilutions was added to the J774A.1 cells. The plates were incubated for 5 h at 37°C in 5% CO 2 , and cell viability was monitored by an MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide, thiazolyl blue) assay (the absorbance was measured at 540 nm) (26) . The end point was defined as the highest serum dilution exhibiting 0.025 absorbance units above that of the corresponding identical dilution of a control normal serum. Neutralizing Ab titers were expressed as reciprocal end-point dilutions.
Both the ELISA and the neutralizing assay were performed in duplicate. The negative control (normal serum) and a positive standard serum were added to each plate. The assays were performed by a robotic system (TECAN RMP) and validated according to the method of Halperin et al. (15, 16) . The limit of detection for both assays was a titer of 50. Tests were performed on individual or pooled sera, as indicated in the text. Antibody titers below the cutoff value were given an arbitrary titer of 25 (one-half of the cutoff value) to allow for calculations of geometric mean Ab titers.
Ab avidity test. The Ab avidity assay was performed basically by the same procedure as the ELISA test except for one additional step. NH 4 SCN at a concentration of 1.5 M (found to be the optimal concentration for discriminating between high and low Ab avidities) was added to the ELISA plates after the incubation with the tested sera, and the mixture was incubated for 15 min at room temperature (30) . After a wash with PBS containing 0.05% Tween 20, the ELISA procedure was continued as described above.
Cell proliferation assay. Naive and immunized guinea pigs were bled into 8-ml cell preparation tubes (CPT Vacutainer with sodium heparin; Becton Dickinson, Plymouth, United Kingdom). Peripheral blood mononuclear cells were separated by centrifugation at 380 ϫ g for 12 min, washed three times with sterile culture medium (10% fetal calf serum-RPMI 1640 with L-glutamine), and seeded (1.5 ϫ 10 5 peripheral blood mononuclear cells in 0.2 ml of culture medium and 0.12 g of PA) in 96-well round-bottom plates (Nunc, Roskilde, Denmark). The plates were incubated in a humid environment with 5% CO 2 at 37°C for 5 days. The assessment of cell proliferation was based on the measurement of BrdU incorporation during DNA synthesis into proliferating cells by use of the Biotrak cell proliferation ELISA system (Amersham Pharmacia Biotech). Stimulation indexes were calculated by dividing the optical density values measured for stimulated cultures by those measured for unstimulated cultures (mean of five replicates).
Determination of antigen-specific Ab-secreting cells. The numbers of antigenspecific Ab-secreting cells were assessed by an ELISPOT assay as described previously (35) . The spleens of immunized and control animals were removed at different time points after immunization. Mononuclear cells were isolated by mincing the spleens through wire mesh screens. Red blood cells were lysed with ammonium chloride, and the remaining cells were washed, counted, and resuspended in culture medium. Mononuclear cell suspensions containing 10 6 cells/ml were serially diluted and dispensed (100-l triplicate samples) into flat-bottom wells of multiscreen 96-well nitrocellulose plates (Millipore, Molsheim, France) that were previously coated with 50 l of 15-g/ml PA in carbonate buffer. The plates were incubated for 12 to 15 h and washed with PBS containing 0.05% Tween 20. Rabbit anti-guinea pig IgG (Sigma) was added to each well and the plates were incubated for 1 h at 37°C, washed, and incubated again with donkey anti-rabbit IgG conjugated to alkaline phosphatase (Jackson Laboratory, Bar Harbor, Maine) for 2 h at 37°C. After the plates were washed, 5-bromo-4-chloro-3-indolyl phosphate-nitroblue tetrazolium tablets (BCIP/NBT) were added and incubated for 1 h. The reaction was stopped by extensive washing with distilled water. After drying, the numbers of spots were enumerated with a high-resolution image analyzer (Bioreader 3000 Pro system; Bio-Sys GmbH). The results are expressed as numbers of cells producing the anti-PA Ab/10 6 splenocytes.
RESULTS AND DISCUSSION
Defining PA doses that do not induce detectable Ab production in primary response, yet can confer immunological memory. After the vaccination of guinea pigs with a 25-g dose of a PA-based vaccine, high Ab titers were maintained for long periods of time (31) . Such high neutralizing anti-PA Ab titers, which were shown to be protective (31) , precluded the use of this well-studied immunization regimen for the evaluation of the correlation between immunological memory and protection. Therefore, a model in which primary vaccination could prime a measurable memory immune response, without an induction of detectable protective Ab titers, had to be developed.
Since PA doses equal to or higher than 3 g were previously shown (31) to induce a protective humoral response, we vaccinated guinea pigs with single injections of 0.25 to 2.5 g of a PA-based vaccine ( Table 1) . As expected, the reduction in PA led to a decrease in anti-PA Ab titers (as measured both by ELISA and by the neutralization assay). A vaccine dose of 2.5 g of PA still led to a detectable primary response (average anti-PA titers of 260) in 10% of the immunized animals (4 of 40), while none of the guinea pigs developed detectable anti-PA Abs (titers of Ͻ50) when doses of 0.25 to 1 g of PA were used.
Once the threshold doses for anti-PA Ab induction were established, it was necessary to determine whether such low doses of PA-based vaccines could still elicit a memory response. To this end, animals were injected again, 2 weeks after the primary immunization, with the same PA dose used for the primary vaccination, and the development of anti-PA Abs was monitored for 14 days after the secondary vaccination. No response was observed for animals immunized with 0.25 g of PA. Forty-five percent of the guinea pigs who were immunized with 0.5 g of PA seroconverted, while with a 1-g PA dose, about 70 to 80% of the animals exhibited a significant anti-PA Ab booster response (Table 1) . Accordingly, we decided to use the 1-g PA dose for further evaluations.
The maintenance of the memory response for an extended period of time after the primary immunization with 1 g of PA was tested by performing revaccinations at different time intervals. While revaccination after 2 weeks yielded low Ab titers (titers of 380 and 330 for anti-PA Ab and neutralizing Ab, respectively), revaccination 4, 9, and 24 weeks after the primary immunization elicited effective humoral responses (seroconversion in 85% of guinea pigs, with geometric mean titers [GMTs] of 7,000 to 12,000 and 8,000 to 12,000 for anti-PA and neutralizing Abs, respectively), indicating the buildup of a robust, long-lasting immunological memory (Table 2) .
Kinetics and characteristics of the immunological memory response after immunization with a threshold dose of PA. Immunological responses induced after vaccination with a dose of 1 g of PA were compared to those elicited by 25 g of PA (Fig. 1) . The primary vaccination of guinea pigs with 25 g of PA-based vaccine resulted in the development of high Ab titers that lasted for long periods of time, while as described a Two weeks after the primary immunization, animals were boosted with the same dose of the PA-based vaccine. Ab titers to PA (ELISA) and neutralizing Abs were determined 14 days after the first immunization (at the day of boosting) and 14 days after the booster as described in Materials and Methods.
above, vaccination with 1 g of PA did not. Fourteen weeks after the first immunization, the animals were injected again with the same PA dose used for primary vaccination. The observed kinetics of PA-specific Ab production after the booster vaccination with 1 or 25 g of PA were essentially similar ( Fig. 1B and D) . The onset time of both anti-PA and neutralizing Ab production was found to be earlier than day 6, which is faster than the onset time of 10 days observed after a primary immunization with 25 g of PA ( Fig. 1A and C) .
Avidity studies revealed a qualitative difference between anti-PA Abs induced by primary and booster immunizations with 25 g of PA and those induced by primary and booster immunizations with 1 g of PA (Fig. 2) . In the case of the high-dose vaccination regimen, a significant increase in Ab avidity (as evaluated by the ability of thiocyanate to disrupt immune complexes) was observed after the booster vaccination compared to that after primary immunization, suggesting an effective maturation process. For the low-dose vaccination regimen, the absence of measurable titers after primary immunization precluded a direct evaluation of maturation. Nevertheless, while the avidity of anti-PA Abs generated after boosting with 1 g of PA was lower than that after boosting with 25 g of PA, this avidity was significantly higher (P ϭ 0.015) than that found 2 weeks after the induction of the primary response by 25 g of PA (Fig. 2) . This observation indicates that partial maturation does take place after a regimen of immunization with a threshold dose of PA, suggesting that under these conditions, the development of a typical memory response can occur.
The generation of Ab-secreting cells after the booster immunization was monitored by an ELISPOT assay. Large numbers of anti-PA Ab-secreting cells (323 Ϯ 152 Ab-secreting cells/10 6 splenocytes, compared to a background of 7 Ϯ 6 Ab-secreting cells/10 6 splenocytes) were found 5 days after the booster immunization with 1 g of PA but were not detected at all after the primary immunization with 1 g of PA, demonstrating the rapid proliferation and differentiation of B cells into Ab-secreting cells, as is expected upon the induction of a proper memory response.
The presence of memory cells after the primary immunization was evaluated by a lymphocyte proliferation assay. An a The PA vaccine (1 g) was injected (0.5 ml s.c.) into 54 guinea pigs. Groups of 10 to 12 animals were boosted with the same PA vaccine dose on day 14, 28, 65, or 180 after the primary immunization. Anti-PA (ELISA) and neutralizing Ab titers were determined 14 days later as described in Materials and Methods. The day zero group was not boosted.
average proliferation index of 4.4 was measured 8 weeks after the primary immunization with 1 g of PA and was maintained for a long period of time after the booster (Fig. 3) . A similar proliferation index was detected after the primary immunization with 25 g of PA (6.3), indicating that a robust T-cell response is established after priming with either 1 or 25 g of PA. These results are notable in view of the big difference in Ab titers elicited by the two vaccination regimens (titers of ϳ10,000 versus nondetectable Abs after a single immunization with 25 and 1 g of PA, respectively). It therefore appears that in the absence of a measurable Ab titer, the proliferation test is a sensitive tool for assessing the induction of immune response in individuals vaccinated with threshold doses of PA and is indicative of immunological memory that could in turn be mobilized by a booster immunization.
Taken together, all of the immunological analyses described above demonstrate that the primary immunization of guinea pigs with doses as low as 1 g of PA can induce a typical long-lasting immunological memory response to PA that is qualitatively similar to the response obtained by vaccination at higher doses.
Relationship between kinetics of mobilization of memory response and development of protective immunity after boosting. The protective potential of immunological memory for PA was examined in two different manners. First, by examining whether memory can be recruited for a protective response by an exposure of primed animals to anthrax spores (relying on the infective, PA-producing bacteria as triggers of the secondary response), and second, by examining the protective effect of a booster vaccination concomitant with exposure to anthrax.
For the first set of experiments, different groups of guinea pigs were immunized with single doses of 1 to 6 g of the PA-based vaccine and then challenged 6 months later with 40 LD 50 (2,000 spores) of the Vollum strain (Table 3 ). Animals vaccinated with 1 g of PA were not protected at any time point after vaccination (Ͼ90% of the challenged guinea pigs died, with a mean time to death [MTD] similar to that of controls), in spite of the fact that such primary vaccination does induce a memory response, as shown above. When 16 guinea pigs were immunized with a higher single PA dose of 2 g, the animals generated protective levels of neutralizing Ab (titer range, 200 to 565) during the first 4 to 6 weeks after the immunization. Thereafter, the Ab titers decreased gradually to nondetectable levels during the following 6 months. When these animals were challenged, 4 of 16 guinea pigs (25%) were protected, in spite of the fact that no circulating anti-PA Abs could be detected in their circulation at the time of challenge. In comparison, full protection was achieved in a group of guinea pigs immunized with a PA dose of 6 g, as they exhibited anti-PA neutralizing Ab titers of 200 to 400 6 months after the primary immunization and before the challenge. The result of this set of experiments substantiates previous observations (31) that the most important factor for protection against anthrax in this animal model is the level of neutralizing Abs that are available at the time of challenge. On the other hand, it indicates that mounting a challenge-engendered anamnestic infection. This appears to be the result of a quantitative or qualitative limitation in memory aptitude, since few of the animals vaccinated with a PA dose of 2 g were able to withstand the lethal anthrax challenge in the absence of measurable anti-PA Abs (Table 3 ). This suggests that the administration of the somewhat larger antigenic load could have resulted in a broader precursor memory cell repertoire, which upon recruitment can generate higher levels of Abs or Abs with higher avidities (Fig. 2) that could confer protection.
To further study the protective potential of immunological memory for PA, we examined the effect of revaccination on preventing anthrax infections in animals. Revaccination with a 1-g PA dose was performed about 3 months after the primary immunization with the same PA dose. On the day of the booster immunization and on days 2, 4, 6, 8, 12, and 14 after the booster, groups of animals were bled for titer determinations and parallel groups of animals were challenged with 40 LD 50 (2,000 spores) of B. anthracis Vollum. The experiment was actually designed in such a way that all animals were bled and challenged on the same day with the same challenge culture in order to minimize variability. This synchronization was achieved by performing the booster immunization by a reverse sequential schedule (Table 4) . In this experiment, protection levels again appeared to correlate well with the neutralizing Ab titers elicited by the booster immunization. On days 0, 2, and 4 after the booster, no detectable neutralizing Ab titer was generated and most (Ն66%) of the challenged guinea pigs died within 2 to 4 days (MTD ϭ 2.5, 3.75, and 3.75 days, respectively). Only 35% of the guinea pigs challenged 6 days after the booster died (MTD ϭ 4.8 days). A protection level of 90 to 100% was achieved when guinea pigs were challenged on day 8 postboosting, at a time when average neutralizing Ab titers were about or above 250. These correlations are in good agreement with previous observations that a threshold neutralizing Ab titer of 250 to 300 is needed for protection (31) .
Taken together, the results underscore the delicate balance between the time required to generate functional Ab-producing cells from resting precursor memory cells and the time course of infectious disease progression. Although booster immunization with a PA-based vaccine is effective for the induction of a high-level and rapid Ab response, the activation of memory takes at least 6 days and therefore cannot compete with the rapid development of the anthrax infection, which is characterized by an MTD of 3 to 4 days in guinea pigs.
It should be noted, however, that the balance between the time to the onset of protection and the time to death could be different in other animal models. Indeed, the time to death of unimmunized animals challenged with anthrax spores varies from 1 to 2 days for rabbits to 3 to 5 days for monkeys. Interestingly, Ivins et al. (18) demonstrated that vaccinations with two doses of a PA-based vaccine protected monkeys from an aerosol spore challenge 2 years later at a time when anti-PA titers were extraordinary low. All together, it is apparent that the animal species, the initial immunization dose, and the mode of challenge may affect the protective efficiency of the memory response.
This study may have practical implications for defining postexposure anthrax treatment strategies. Primary vaccination by PA-based vaccines per se cannot ensure survival. It appears that in the guinea pig model, the presence of an appropriate neutralizing Ab titer at the time of exposure is required for effective protection. Nevertheless, certain antigen loads can elicit a memory response that is efficacious enough to allow for the production of the critical protective Ab mass in due time.
Moreover, because of the very narrow time window during which protection should be established, a booster immunization immediately after exposure would not always be effective in conferring protection, depending on the immune status of the population. It appears, therefore, that in certain postexposure scenarios (6), booster immunization would not be effective in the absence of antibiotic treatment (or passive immunotherapy) for the short period of time required to ensure the mounting of an effective anamnestic response.
